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ABSTRAC 

The object of this thesis is to show the effect of a stiffener on 
the stress distribution in a flat plete, clamped at each end and 
centrally loaded with a single concentrated load. Models of three aspect 
ratios were constructed of Plexiglas and these models were loaded in a 
specially constructed load frame to produce the isoclinic pattern. The 
effect of the stiffener was found by comparing the pattern of the 
stiffened plate with that of the unstiffened plate. 

The results of the study are generally inclusive, due to distortion 
in the optical system of the polariscope. However, there are trends 
indicated in the position of the isotropic points and in the slope of the 
isoclinics at the boundary, as well eas the rate of change of direction of 
the principal stresses at the boundary that justify further study in 


the problen, 
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SECTION I 304 
LNTRODUCTION 


This thesis is an attempt te show, through photeelastic phenomenon, the 
effect of stiffeners om the stress distribution in a flat plate under a single 
concentrated lead. The complete stress distribution may be determined photo-~ 
elastically from the isoclinice and the isechromstics. In a qualitative 
sense, the effect of a stiffener may be seen by study of the Lecclinics alene 
through comparison with the isoclinic pattern in an unstiffened plate. Since 
the largest. portion of the time devoted to this thesis was utilised in the 
design and construction of « leading frame and since certain limitations were 
found to exist in the particular polariseope used for the analysis, it has been 
found necessary to limit the extent of the study to determination of the iso- 
elinic pattern for three aspect ratios. A description of the loading frame is 
te be found in Appendix Il and the description of the modified poleriscope is 
given under the Details of Procedure section of Appendix I. 

The role of the stiffeners, in their ability to extend the range of 
stability of a flat plate, is well known and is susceptible to mathematical 
analysis. However, relatively little is known about the effect of stiffeners 
at less than critical load. This situation applies particularly te ship 
bulkheads, both longitudinal and transverse. It is a current practice to 
design these bulkheads om the basis of a normal water pressure loading and te 
treat deck loads, which ect in the plane of the bulkhead, as secondary loads. 
Except for tank bulkh ads, the designed water pressure loading of the bulk- 
head is met only in time of damage to the ship and it is the deck losds which 
are the working leads. The Society of Neval Architects and Marine Engineers 
has requested information concerning the action of the stiffeners in distributing 


the deck loads into the sides and bottom of the vessel. ‘the problea has been 
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appreached by utilizing rectunguler flat plates of various aspect ratios. 
Boundery conditious for the full scele bulkhead sre extremely difficult te 
deteraine end for thet reason the models used in this analysis bave used tue 
hisiting condition of full chemping at the ends. 

In gonoral, interest im the field of etiffencd pleating sas contered 
around the problem of feilere by instability. Coensideruble work, both 
experinentsl end enalytical, bee been reported in the literature, It is 
only neturel thet now thet thie type of feilure is understocd there should be | 
interest orleing in the behavior of tne panele ot iouds belew critical. 
Clearly, the interectior of plate and #tiffener is @ Sector of significance 
et ell losds, 

The ctress distribution in deep beame hee been of increasing interest te 
civil engineers and work in this field is felt to have epplieability te the 
field of navel architecture. Bulkheads in particular, function as deep 
beens under the action of deck loads. Reference (13) grasents the analy- 
ticel colution te the etrens distribution in deep beams. Sizple support 
ie eesuned ond seversl types of low ding are used. It is shown that the 
shear distribution st the quarter pointe is parabolic, as predicted by tise 
Saint Yenant theory, for aspect ratios of 2:1 or greater. (Aspect ratio is 
defined us the ratio of span to depth). The depserture from this distri- 
bution «t smaller «syect ratios is radical. 

Phote-elasticity has been a favorite tool for instructional purposes in 
mony texts of strength of materials and elusticity. It is particularly effec- 
tive for beesn cnd hes been frequently used for the verification of the stress 
@istritution predicted by the Bernoulli-ltuler theory of flexure and ta 
demonstrate the shift in neutral exie. For exemple, Professor Filen, in (16) 
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shows that, in s simply supported bean, loaded by « single central concentrated 
lead and « pare couple, the isoclinic pattern in the vicinity of the point 
of sero bending moment should be « set of hyperbolas. The origin of the hyper 
bolas is on the neutral axis, et the point of sero bending moment. They inter- 
gect the free boundary at two syom@trical poimts, at the point of sero bending 
soment, Phote-olastic confirmation of this 1s siso presented. The sepect ratie 
of the beam used for the experimental work was 1221, which is considershly greater 
then the ratios used for this study. Hovever, the beam loading eyproximetes the 
conditions of the clamped end support, with the notable exception that warping 
of the eroge sections is not restrained. Restraint of warcing causes consid- 
ernble aberration in the stress pattern predicted from the Bernoulli-fuler 
theery of flexure. 

In the same peper Professor Filon investigates the ares under the con- 
eentrated load for confirmation of the distribution of stress which be predicted 
in Piilesephice) Transsations, Vol 201, 1963. The effect of tie concentrated 
 Josd represents another departare frou the Sernoulli-Buler distribution, 
Reference (3) contains « good discussion of the effect and the onslyticel 
methods evullable te describes it. In genere) 1+ ie treated by considering the 
stress distribution in « semi-infinite plete due to « alngle concentreted 
lest. This distribution in superimposed on the flexure strers predicted by 
the Bernoulli-~Buler theory and additional force syutems added to conform to the 
boundary conditiens. This was first presented by Curue Wilson in Philesophice) 
Hegezine, 1891, and, with refinements by G. G, Stokes, raprevonts « meane of 
expleining severe] of the phenomene obgerved phote~elastically. 

The antlyticel solution of the strevs distribution in a short clamped 
beam hes not been presented to the best of thie writer's knowledge. The 


restraint of warping characteristic of this type of support, ss well es the 
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discontinuous nature of the concentrated Lead, wake adlution of the differential 
equation tedious. Probably the awthod of finite differences would lead to 
resulte which could then be combined with the sexui-infinite plete distribution 
to aceount for some of the characteristics of the luoclinic pattern ss presented 
in this study. 
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SECTION IL 


PROCEDUAE 

The original coneept of thic study involved the determination of the 
etrese distribution in « stiffened flat plate of photo-elastic meteriel. 
It is regretted thet the design and construction of the loading frame 
absorbed so much time that the isoclinic pattern becene the primary objec~ 
tive. Isoclinics are the locus of a11 points of equsi inclination of the 
principal stress directions, seasured with respect to sone fixed reference 
axis. 

The effect of the ctiffener, as reflected in tae isoclinic pattern, 
was determined for three Plexigies models. All models vere of twelve inch 
epen, but of various aspect ratios. These were 531, 3:1, end 221. The 
models were clumped im the loading frame and positioned in the field of 
the poleriscope. A concentreted load of 400 pounds wae applied ond the 
isoclinic pattern treeed. 

The isoolinies were first determined for the unstiffened models. 

A central stiffener wes then cemented in place slong the shorter axis of 
symmetry and « second series of isociinics determined for the stiffened 
models. In all esses the stiffeners vere 1/4" x 3/4" Plexighes and were 
attached by use of a volatile colvent, the principal ingredient of which 
was ethylene dichloride. 

The iseclinies were determined at ten degree increments from 0 to 
90 degreee and et 45 degrees as well. A more detailed discussion of the 


procedure is te be found in Appendix I. 
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SECTION LII 


or 


Results 


(1) It appears that, for the configuration of plate and stiffener used 
for this study, the stiffener does not materiully effect tue direction of the 
principal stresses, exeept in the immediate vicinity of tas stiffener. The 
effect at the boundary ie uncertain, due to limitations in the data. 

(2) For a deep rectangular beem, clasped at each end and cabjected 
to a single concentrated coplanar lead at mid-span, there exist two negative 


 dwotropic pointe along exch free bouniary, located at about the quarter points. 


The isotropic points loveted along the leaded edga are further from the axis of 
symmetry than these on the lower, unloaded edge. These points represent the 
points of sero stress, which according to simple flexure theory should be 
located at the cuarter pointe. 

(3) It cannot be stated definitely that the stiffener hae any effect 
on the location of the isotrople points. However, the information evellsble | 


from thie study indicetes thet the stiffener hex more effect upon tha lower 


Lectropic pointe than on the upper points. The 331 and 221. aspect ratio 
dseclinic pattern shows that the lewer ivotrople point has been moved toward 
the axie of syemetry end that the movement is quite promounced, in eontrast 
to the sovesent of the upper point. ‘the plot of stress trajectories for the 
31 aspect ratio unstiffened plate (Figure KX) show thet significent chenges 
in the nature of stresses slong the restreined boundary may result from such 
# #hift of the isotropic peint. 

(4) There appears to be some effect from the stiffener in the rate of 
change of direction of the principal stresses aleng the restrained boundary. 
There ie no cleur~cut trend ae a function of eepect ratic, but in general, 
the effect in opposite in direction in the upper and lower quarters of the 
depth. 
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The validity ef the rewulte depends to o large extent upen ihe 
aecurucy of the deta. The socureey of the data oresented in this 
wtudy ia felt to be unknown within precise limita, but, in generel, 
ie probably edeyuste for evelustion of the affect of the atiffener, 
in « qualitative sense. Figure {i shows the distortion pattern of « 
one-inch network an seen in the viewkng glese. The neteork wes placed 
in the plane of the modal, This type of diatortion is cnown as *pin- 
cushion distortion” (9) and results from redicl verietion in magnifieation, 
Profeasor Sears, in (9) states that thie cen be correeted by proper 
lecation of the disphragas, but, for thie systea, this wes not possible, 
fhe situation wes circumvented hy eketeohiag the isocliuie pattern at 
several pointe in the model by powitioniag the pointe at the center of the 
light circle, The composite patiorn was determined by pleciag the — 
verlous patterns in their proper relationsaip and then treeing the final 
pattern. Distortion was etili present, sowever, and gmell sorrections 
were made to wake the isoclinine continuous. The resulte were not 
perfect, as geen in the exaggerated Length of the 3:1 and Sel sepect. 
ratio patterns, 

& secend source of imaseurecy 14 found im the clemping arrengepenta. 
This causes « three-dimensionsl stress system to exiet in the vicinity 
of the boundary. The isoclinies were peorly defined in this region, 
especially at about mid-depth. This condition may have been due te « 
Slew rate of change of the direction of the principal wireaacs. Thies latter 
sendition probably is responsible for tne lack of definition experienoed 
with the 2:1 agcect ratio gliate. In general, however, 1t iv Pelt thet 
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the iseolinios ere correetiy locsted within one-eighth ef an inch 
and about five degrees at the boundaries and that probably better 
results are achieved in tae interior of the plate, 

The stiffener hes very littie eifect im the Lowation of the iso~ 
Glinice and, to « large extent, thie explained by the nature of the 
losding. The load veo applied to the glate, in order t+ meintein a two~ 
dimensionsi strese syste: and under these aunditdesns, the effect of the 
stiffener would be limited te the region of plessic flown. If, however, tro 
stiffeners had been used, on opposite sides of the slete, the stiff. 
 @nere could heve borne part of the leed eitaout distorting the tro} 
Gisensions) stress aystea and under this condition, the effect of the 
atiffener would save been greater. 

The position of the isotropic points say bo oredicted, at leest 
ytelitetiveiy, in the sonse that the relative position of tre points on the 
upper and lover boundaries at each quarter point may be rationalised. 

&t firat thought, "istuition® sight lead one to sxpect that the upper 
point would sowe toward the axis of synmetry, due te rotation of the 
ovese section under the effect of pure bending. Shear deflection would 
tend to ineressse the shift. Kewever, the defivetion ef tne 352 nepect 
ratio plate under the 450-pound lead is only 6.074 inehes and the retetion 
ef the crose section at the point of sere bending soment is anly 0.018 
radians. Thin would indicate teat the relative displacement of the apper 
and lower pointe, dus to pure bending, is only 0.072 inehws, whieh Le 
much too small to be detected in the polariseope. furthermore, the 
relative displacement due te deflection iv apposite in direction te thet 
ebserved, It is also true that displacement of the order observed yeuld 
be reflected in the diaturtion of the network seribed on tho surf'ses of 
the model. Re such distortion ves sbhserved. 
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The Bernoulli-liuler theory of ClLexure, otherwise known as simple been 
theory, is presented in texte of strength of acteriale and may ba used to 
predict the point of zero bending acnent. The equations of slasticity 
may also be used to predict the point of sere etress along the upper end 
lower boundary, These ore colneident with the point of sero bending aenent, 
ef course. However, though certainly sore wlegant, the letter method 
requirean the solution of « fourth degree bomegeneus differential equation. 
Due to the discontinuous nature of ihe concentrated load, it Le neceesary 
to use « Fourier series of the setnod of finite differences to solve the 


equetion. The letter method is used in (13), for exaeple. In an attempt to 


arrive at an opslytical selution to the strese distribution, this writer 


has utilised « stress function compowed of the terme of seeord, third, end 
fourth order polynomials to deseribe the stress distribution in « senti~ 
lever losded with « concentrated load and « soment st the free ond. She 
reseublanee of this case ta the claaped bewm is clese, eines the eleaped 
emi of the cantilever correspomis ta the acis of sysuetry of the baom 
emi the eprlied moxnent corresponds to the ciasping moment of tho bees. 
However, thie dows not represent amy lneresse of atsursey oer the sisple 
bess theory for the purposes of predicting the point of sero stress aleng 
the free dourderie:., Soth methods of attack pinee thu igotropia point 
at the quarter point. 

| According to simple beaa theory, the upper edge of « tlemped prismatic 
hoon centrally Londed with « concentrated load ia subjected te a Linear 
variation of stress. The stress i¢ tensile at tue beundury, deorsases to 
aero at the ,uarter points and reeehes maximum compreseion at the wid. 
point of the bean, The stress on the lower bowndury is similer, sl though 
of opposite character, It ia comprezsive ait the boundary and veaehes 
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maximum tension at the mid-point. Ths isevlinde patterns of Figures VI 
through VIII show thet the lectrepic pointe are not ennatiy at the quarter 
points and it reaains to aecount for this. 

Frecht, in (3) deseribes the aporoxieate solution for the etress 
Giatribution in « simply supported bean ee presented by Carus Wilson in 
Philosovhics) Magaging, 1891 and sodified by “, G. Biokes. ‘his solution 
is built up by the superposition of the somi~infinite plate sirese patiorn 
on the simple flexure stresses. Thin requires, for eyuilibriua, the pres- 
canes of redixl compreseive bountinry loads, waich do not actually exist. 


Therefore, » third superpouition of radial tonstons ic made. The principle 
ef Seint Vormat justifies the substitution of the etatieslly syuivelent 


force syates. This le « verties] fores of magnitude P and tuo oppositely 


directed horizontal forces of sagnitude F/y . These are Located at the 


point of application of the load. 

The stress trajectories of the Jil aapect ratio plete, Figure 4, show 
strong similerity to the co-axial smi redial stress trajectories, shich are 
Gharecteristic of Fiamant’s solution to the case of « concentrated load oa 
& @emiwinfinite plate. If we substitute the three-Torce staiieai squiv- 
alent of the concentreted load, we sew timt ihe to horigectiel forces create 
Sompression in the upper fibers of the bean. Whereas in the simply supported 
peas thie syaten reguite in « secondary bendiag moment, it seams sore 
likely that for the clamped bean the force is carried directiy inte the 
boundary as compression. The existence of @ compressive stress in the 
upper fiber ef the been, superimposed on the stresr pattern of pura bemi- 
ing, results in the upper isotropic poiat sewing toward the support, Such 
moovernent would explain the iocation of upper isetrepie point in the ise-~ 
elinie patterns of Figures Vi througn VIII. 
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The stress pattern of the clasped beam ia only aporoximated by the 
saounptien of shear support and applied moment at the bounderies. The leading 
frane, by the nature of ite construction, erestes a sore er less uniform 
tension in the loaded benw due to revtiraint of translation of the ends of 
the bbean and « more complex strese eysten due to restraint of warping. 
These stresses will, of couras, affect the position of the isetreple points. 


The uniform tension temis te shift the weper peint teward tho ante of 


eyaxetry and the lower point in the opposite directicn. The rwetrsint of 


warping etresses sre tensile in the upper section of the plate and compraae 


pive in the lower, henee tae lower point tends te shl’t toward the mupporte 


and the upper point toward the axle of ayametry. The Simei balance of 
these strevacse detersines the relative postition of the iszotropie points. 


[tt de felt that the clamping arse determiner, te a large extent, the rele~ 


tive importance of the tengion and restraint of warping stresses. 

The stiffener is seen to affect the position of the isotropie points 
for ail the aspect ratios, altaough tae effect is sost pronounced for the 
531. aspect ratio. he upper point in shifted towerd the ania of ayanetry 
and the lewer point in the opposite direction. The 3:1 wapect rutio 
shows that the snitt is segiigibie for the upper point and thet the lower 
point baa moved toward tae axis of eymnetry. The 2:1 ratic shows the ssne 
trend, the lower point being shifted stiil further terard the axle of 
ayanetry. Thia indicutes that, effectively, « compressive etrese Ls 
imposed by the stiffener on the lower edge of the plate and that its 
magnitude varies with depth of the plate. 
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1. The ecourney of the date precludes any quuntitetive analysis 
of the effect of « stiffener upon the stimee dietribution in a plate 
Glenmped at the ende and londed with » wingle consentreted Load ot 
mid-spEen. 

2, The sddition of « stiffecer,to such « lomied Slet plate, if 
not in contust sith the load haw negligible effect on the direction 
oe? the principle stresses. 

3. The stiffener say have some cefinite effect oa the actus 
lecetion of twotropic points, which theoretically avist ou the Dree 
bounisries ot the quarter pointes. 

4o The photo-~slastie method represents « avnvenient methed for 
anslysie of plates end deay beans, 
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accurate determination of the isetropie points, 
determination of the lsochroasticn, Luading te the 
eomplets solutions of tae stress distribution, 
detersination of the rate of change of inclinstien of 
the principal axen at the boundary, 

utilisation of other boundary conditions, with esnecial 
eaphagie em an elestie foundation, 


2. Suture etudies in thie Girection should be made with sedels of 
& Sore sensitive material, such as one of the Bakelite or Segalin plastics. 
Recent development of » sulteble adhesive by the Armatromy Vorperetion 
maken the construction of bullt—up aodele feasible, Stiffeners should 
be losated on both sidex of models subject to co-planar leads. 

3- Tt ie recommended that the load frame ba modified by substi tation 
of a stwel loading beam to rwiuce the deflection ami by reduction of the 
sise of the weighing tank to about haif the precent sise, 


| Reankdnot ed ybute obteete~atodg wittt gaclt ebantoannerye te (00 ia a 
(adhe obgontest edd 26 subdadamieteh esenmoe ae sninalll | 
edd of gutbaot .a0Ltemotdoved 43 Io aoldenteneted of °°) itt 
“Me! nekfenk Ina? Yo oynedy YO o8WH wnt YO MeLtanDwiRte Vo 
etiahwed wld te sexe Laqlenee om oa 
one ne  aobtabaset ehiiete me mo eiulighe = 
Yo asebou dsbn eben od Bivods aolseetth als int’ Galatta dint “8 
(esteem teeiesre mapae ea ee ae eerie 
Acigarente! yaenopenA oid ys evlosaba Widedice 9 36 dmengatornn ¢ : 
Siweds evenettase meapiane serenely = 
sabsed sanalgnoo 0} toniéwe atebon Yo aahke died mo bedae ot od 
aektubtzedae yd beriiton ad eased bool edd att belimeancoey of 4X by 
od? Yo nokveube: yd ina nohtosLieh odd soubor of aves parbant & 
sends snuseng edd Mad suede of saad yrbdghew oud 


14 


| 
Pr) ' » aol Ni é wih, qr if ; 


' 
y ig 4 4 r 1 L j 

4 i ‘ " ii ‘ fy ub A fil bi " i Ae mp 
ie (al a FM ea) aT se ardyh ps ae Ot AieaRiEY dean wit", ij 
re ” a ' ’ 


a 
ae 


Ai ' ‘ k j i fi dag 


a 
fee tbody! he 
deh wy RA ah “ng! vy bined wy halal 


Uh Slee os « ted Bei tN sly Prey se ae | sb 
Peay eles trl smd tay ae eihabt ae dali rhe | ub 
j ? Me: aa te me 


HS ne ‘pete } iE RR RO id mete (epi ely bidet oi i 


ik ita oP a igh s ‘% sy ‘ses alte PR 5 t, pond berg bah A artie gsi ‘aie i it 


Gi ld ree -28) beg (he i ¢ gh. ty, % i ‘ od ( . aie sak. Ede om hae he =e ‘i 
WE GAN Petia 44 ‘yin tp $% nee ORY “Le aay GY iat 
: a . ’ 


¢ PY ine wt Mtr 7 hy oe ty rs bl da ety ih As 


Papinhine a he, angie tigate! Chabon» sat pa PH ae ih ke oe" ng 


lle winger ae Co Cue te 

advonciomet wean we ips oh tae wie 
hee) sma 4 el load wbetraod gt ee nid 
‘ “i wt Sie arta fs ut suatites “he fron net 
stant ait eivele sbieaah al? wera Thies i ee’ tk na ve 
ets Pa leis at bined oi 


se ea sta vai te C 


3. 


15 


Phote-elasticity depends upon the characterietie ability of certein 
materials to exhibit temporary double refraction. These materials, of snich 
glass, gelotin, Plexiglas snd Celluloid are « few common exsuples, are 
optically snisetropic under stress and Light travels through them slong the 
planes of principal stress. In effect, then, they uct as « polarizer ami 
will resolve incident light inte 120 mutually perpendiculss; planes. 

Light trevele through the phote-elantie sodel along the princiyal 
planes and is refracted according to the veil~-known Snelie Lew of refreetion. 
The imiex of refraction along « principal plune is « function of the stress 
level on thet plane, as weli as the level om the perpendicular piane. Threre- 
fore, the velocity of light eleng each principal plane may be different. Axeept 
for the case of uniform tension or compression ami pure shwar, the velocity of 
Light is « continuous function, verying from point tw point along the atrene 
trajectory. For this reason, light falling upon « strenesed photo-elastis 
model is ceparnsted into two perpendicular components which travel tarough the 
model at different velocities and emerge out of pheve. 

The poleriacope utilizes this characteristic for tne determination of 
the isoclinies, which are the loci of pointe at which tae inclination of the 
principal etress planes is a constant, and for the levcarometicos. These are 
the ieol of points at which the difference of the principal stressou is 
a coneteant. I4 follows, therefore, thet they represent lines along which 
the mexioum chear is a constant. 

& besie solariseope wight consist of « light source, a polariser for 
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ereating polarized iight and an anelyter, whieh resolves the tuo conponenta 
of light emerging from the nodel into « plane. A somewhat more refined ingtal- 
lation would Save « lens systen for coneentrating end collimating the iight 
and tee quarter-wave piates ior producing glreularly polarized light from a 
monochromatic source, Descriptions of vabious errangesents are svalleble 
in any text on the subject. The polarizer and emuiyeor uned for thie etady 
were twelve-inch Jolasoid sheets. ‘here is no physical difference between 
& polariser and an analyser; tiey are so named to deseribe their function 
in the polariscope. 
Light leeving the polarizer may be representec as « vector, 
the ssgnitude of which may be written ase 
¥ =a cos (pt) (1) 
wnere  V = vecter 
o * swplitude of vibration 
p * propagation factor = 27f 
& @ tine, seconds 
This light, upon entering the sodel, is broken into two components; 
along the P axis; a cos(pt) cos 9 (2) 
slong the \ axis; « coa(pt) ein @ (3) 
Wheres © * angle between the plane of the poleriser and the 
P axis 
P @ prineipal stress of largest algebraic vaiue 
q@ * principai stress of leest algebraic vaiue 
The Light emerging from the wodel ls characterized by w phase difference 
existing between the tre components. ‘nis aay be represented by a time 
displucezent, t, for the P axis and t, for the & axis. The components are 


aireuagaos ave edi sevlowes dotow .woeQlaae a4 bow Pagid sldiiiaiiten aiitsetg 
wdatent beailen ston tadweacs 4 satedg a wes Jebom edt act aetgteus sigh a | 

dagtl eas gridawliles bya galteisaeoaw wot aadeys anel 8 evad blwow mod: 
ff ? # moet tdyti beslisioy Yliaivetis pateuhory 10% 0d sag eee iy oe 
" eidailere ote adaeuyoscrewuster Lo amelrgiioeull jennee cdbinillaven 
bese Of8s Wh bene awayinis dee tonivedag dP aac ondaping é 
Resaied eomeieiiis desta yiq on ad ened! satsade Btomase’ sion 
 fokdsags thedt edisaueo of hemes os ox youd preuplend wa baa 


\ 
woe : f ‘ ; r \6 ig : ‘ 
. - hy ae a bi Sine)’ mel ie * 


Se ee eS ee | 
of Snr ee a ee ee ‘toisew & ¥ a ae ; tao ee wh 
ee ee aa : 

i ely / a aid ‘ i, ae iN id sph any i Niele 5 Mina bade, tet a fi t 
Ce ee ee ee ee ae 
| \ ANtmaneqmes: ond o8nd sesiond a2 qdobun ant aniveias asqw ptdytl sate 

(Se ey ee OR KgaRe @ - ere | oe 
sl (A Phin (ake (oq woo oes /*~ ) wide Be iieaia ah 4 | 
; a ve etmtsiiog oat 2 og ot anote wise , wane ; 


a 

, ¥ 

oS ial t = of ls yet ee hg Ne willy re ih " i hua 
y M 4 nt Ty wh tae. TAR : 7 ve 4 _ :- i 7 fi 
Py et yh ly { E % | Said 4 ni a, 


a som vii i . st ten 


' ie 


he | on 


along the FP axis; a eos @ cox pl tt, } (4) 
along the @ axde; « sin @ cos p(t-tg) (5) 
The anslyeer may be aligned with ite plane of polarisetion perpendicular 
to that of the poleriser or pureliei to it. For the forner arrangenent, the 


tro components above are combined by the adtitdon of their components in the 


@irection of the analyser axis. These Components wil) be of the opposite 


sense and sre ae follows: 
P axis; « oe @ gin © cow p(t~t,) (6) 
@ axis; -a cos @ win @ cos p(t~tg) (7) 
Thess two compoments are adued in the analyser end the following 


expression may be ecvily developed by the use of trigonometric identities; 


Vise cin 20 win Pibstel = gy BUtaata) (8) 


The intensity of light 16 preportional to the square of the amplitude 
and therefore we see thet there era too pousibilities under which extinction 
may take plece. If @ = 0, which requires that the plone of polarisetion 
colncide «ith tae direction of one of the principal stresses, then extinetion 
will occur. Recognizing that the cuentity pin Basta is proportional te 
the phase shift, we eee thet if the phase, timewise, is equal to the period 
of the light, wxtinetion will else ccour. This fellows from the definition 
of p, the propagation fector. 

The first of these eriteria is the besis for the existence of iso 
@linics, The second eriteria ie the bacio for the formation of the isochre~ 
matics, and depends on the difference of the principal stressenx, the thickness 
of the wodel and the weve length of the incident light. 

This study conserns tieelf with the isoelinics and therefore some further 
Giscussion of these lines ia justified, If white lignt ie weed, the iuoclinics 


are visible es 4 black band, wore or lese sharply defined depending on such 
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thinge aa the rate of change of the cirection of the principal stresses, end 
improper loading; «.g.«, © thres-dimensional stress syeten. For « reletively 
insensitive neterial, mich «8 Plexiglas or glass, the iscenromatics will not 
eppeear to any extent at the low losds reyuli-ed for izocliniecs, inee tie 

| eetusl magnitude of the stress is not « factor in formation of ieoalinies, an 
infinitesimal load is theoretically sufficient. However, in practice, Light 
londs ere required to overcome initial or reckauel etress. ¥or sensitive 
paterials, some workeré favor « relatively heavy howd, (2)" ‘ne formation 
of any perticuler iseclinie is independent of lomd and iseclinics of any 
parcmeter are seen by rotating tye solerizer and analywer Wwyetker to the 
desired angle. 

| There are some properties of isoclinies waich should be brought out. 

‘Ll. Iseolinic lines do not intersect, except at an isetvepic point, At 
such a point, the principal stressws ore equel in wagnitude. if the magnitude 
be zero, the point is further classified a» « singular isotropic point. if, 
| et an isvetropic point, the persneters inoreess slockwise, the point is des 
eribed o@ a negative isotropic point and if the direction of inereasing pare~ 
meter is counter clockwise, then it is ¢cuwltive. Theres sre several other 
eatezories, for which pee (16). 

2 The peremeter of an isoclinic which iaterseets « free bouniary at other 
then an isetrovic point is defined by the inclination of tse normal or tangent 
to the boundery at the point of intersection. 

3. Hegnager's theores etetes thet the principal stresses tangent te « 
given stress trajectory ere « maximum or ainimus where an isoclinic Latereects 
the trajectory at right angles, It follows that, at « free boundery, where ever 


" Numbers in parentheses refer to references in thw Litereture Citation 
im Appendix I,, (i). 
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The load frame, which absorbed the greater part of the time devoted 
to thie thesis, ie described in Appendix ii. 

The poleriscape, ss modified, consisted of a Light source, which 
utilised « $00-wett incandeseent projection isap, « 4-leeh condensing Lens, 
an 8-ineh collimating lens and a lé-inch dismeter sheet of Polaroid, 
mounted in « cxlibrated rotating ring. 4&4 water bath was located between 
the light source and the condenser liens end a diaphran was located et the 
center of least confusion of the condenser lens. The colliasted Light 
passed through the model and « second Polaroid sheet, was then collected 
by a S-ineh condensing lens and focused on 4s ground glaws soreen. Tracing 
paper was phased on the gereen and the (jsoclinics traced thereon. 

The modifications to the polariscope are inrgsiy in the tro large 
sheets of Polaroid whieh served as polariser und anslyseer respectively in 
the order described above. They replaced two Nicol priaws ehich were 
located at the centers of Leset confusion of the two condensing Lens. 

The Nicol prisms, in thezselves were entirely satisfactory. it was found, 
however, that the first of the g~inch lenses wae carrying a residuel or 
frozen stress which created ite own isociinic pattern end distorted the 
pettern in the plate. by dismantling the iaboratery's Polaroid polariscope, 
used for demonstrations, and placing the Polaroid sheets between the two 
S~inch lenses, the effect of the frozen stress wee rezoved frou the igo~ 
Clinic pattern. 

The use of the Polaroid sheets created one additional step in the 
work required. The poleriser and analyser hed to be aligned eo thet tire 


plene of polurizeation of the polarizer wae either vertical or Horizontal 
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when the gcale reading wes sero degrees. Fortunately, one of the sheets 
wes loose in ite frame sed could not be tightened. This wae used as the 
polarizer. A diametrally loeded Bakelite ring wae slaced in the field 
with the axia of loading verticel. The Polarvia poluriser retaining 
frame was set ot aoro degrees on the seule seribed against an index line 
and the loose sheet rotated with the analyser to bring out the vertical 
isoclinic in the ring. The polarizer sheet wae then fined in cosition 
with respect to the retaining frume by seversi stripe of cellophane taupe. 
Procedure 

The deteraination of the isoclinics required that the polariser 

end analyser trensuitting axes be matualiy perpendicular and thet this 
relationship be maintained as the polarizer iz rotated te croduce iso~ 
Glindes of different perametere. Thic iz the errengement which produces 
meximum extinction if no model is in plece. The poleriser, since it hed 
been set at sero degrees for the verticsul direction and was asrked in 


five degree incresents to 90 degress, wes felt to be adequete for determ 
ining the persmeter of the isoolinices. Therefore, to produce any lsoclinic, 
es for example the 30 degree isoclinic, the poleriser wee rotated to 30 
degrees ani the analyser was in turn rotated to produce makinua extinetion. 
| The seount of rotation was merked on the retaining ring of the anelyser 
and over « series of rufl®s from 0 to 90 degrees, it was found that the 
analyser rotation, es judged by observing the point of waximunm extinction, 
was reproducible within one-half of a degree for suy angle and, in genervl, 
was better than that. Therefore, tc reduce the time required to take dota, 
the anslyzer setting was marked and used without furtiuer check for each 
angle, 
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The modele were constructed of 1/4" Plaxdglas, « phote-elastic 
material of low sensitivity. Three napect ratios were axed; namely $31, 
3s, and 2:1, based on 4 somwon syun of 12 inchar, ‘he overall span was 
14 3/8", there being 1 3/16® clamping ares at each ond, The stiffeners 
were, in all cases, 1/4" = 3/4" Plexiglas and these vere attached to the 
wodel along the shorter axis of syusetry, The stiffeners were "welded" 
to the plate by soaking the contact edge in the solvent for about five 
minutes. fhe solvent waxy furnished by Forest Products, Inc. of Cambridge, 
@essachusetts and it is antovetuel that tae principal ingredient ess 
ethylene dichloride. The stiffeners were placed in pomition on the model 
and pressed vith weights to remove any bubles on the interfece. Before 
it wae completely eet, a few drops of the wolvent vere placed on the Line 
of contact formed by the plate surface ond the side of the stiffener, 
These were allowed to run evenly over the entire length and resulted in 
& fillet as well ae removing the effect of any irregulurities in the edge 
of the stiffener. 

Each sodel was merked with a one-inch grid and then placed in the 
load frase. The models vere clasped between two pleces of hot-rolled 
steel vhich in turn were clamped by the lnner posts of the Loud frame. 

It is felt that the clamping bolts were set up uniformly «et about 10 
pound-feet torque end that the tencion in the bolts ware about 1500 pounds. 
The bolts vere cet up with « socket wrench whieh hed « 1G-pound weight 
attached at the end. 

The square grid wee uped to deteraine the exount of distortion in 
the syste» end to aid in positioning the aodel in the field to assure 
complete coverage. Due to the distortion in the Lens syatem, it was 
necessary to reposition the model «t Least four times to edejuately cover 
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half the model. If it had been possibie to correct the "pin cushion” 
distortion resulting from non-uniform wegnifieation, the ancant of time 
required would have been aut dn seid and the acouracy of the data increased 
considerably. 

The ioad was applied te tae model by a 1/2" diaweter load point, 
acting on the plate through « 3/16" diameter loed pin. ‘The axis of the 
lead pin was normal © the plane of the plate. The lead pin and sointer 
were ‘smaistceatiey sligned over the pinte to insure two-dimengienal strems 4 | 
distribution. For the seme raason, the lowd did not bear on the stiffenss, 
for the stiffened aedelu. The weight of the waighing tank by itself wns \ y 
found to be sufficient to produce iseciinies in all the sodels. further ‘e 
leading seemed to sharpen the isoclinics and for the sake of uniformity, 
w leed of 400 pounds wes used, Bater wan added to the weighing tank i, ‘ 
by operating the three-way velve, which eas located at the strain indi- 
cator. 

Using white light, tie isoclinica were determined at ten degree 
inerenents from 0 to 90 degrees ema at 45 degrees. The GO.degree iso~ 
Glinie coincides with the O-degree isoclinic and was used as « check point. 
Similarly, the 45-degree isociinic is symeetrical about the axis of 
syaactry for « model loaded on the axis of symmetry and thie isociinis 
was used to cheek the syaietry of icading ag well a¢ the accuracy of the 
sero-setting of the polarizer. 
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C. DEALGN AND CONSTRUCTION OF THK LOAD FRAME 
Sonsideretions 


There are several requirements for eny loading syuten and these 
night be loosely sub-divided inte those peculler to the particular systex 
and these whieh apply regardlesa of how the load syaten is to be used. 
The loading frane which was depigned «m4 constructed incident to tals 
 ‘theske wan envisioned as an addition to the equipsent of the Skips 
Stracture Laborstery, Rasaachasettse Institute of Teecinclogy, ant for this 
reason, greater atiention to detell wee given than would otuerwiee be 
the case for such & emall thesia. The eonsiderstions which were enter- 
tained are listed belew, Sane of these requiresente have not been set 
in the sense thet modifications or additions mot ebsolutely reguired fer 
this purticalar thesia save not been wade. 

1. The lead frame must be able to apply either tension or 
conpres@ien. 

Z. Application and rosoval ef lead aust be aagoth. 

3. The epplied load sust be easily reproducibie, 

4» The calibration of the load frane should be eimple sad 
direct reading. 

§, The loading and tae model munt be maintained in a cowition 
ddidenk te the asta of the ligt. | 

& Deflection of tae load frome should be of at lenst one 
order of wagni tude loner then that expected in tne sodel in order that 
deflection ef the sodel ia not influenced sensibly by deflection of tne 
freme and thet the diregtion of loading does not change. 
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7. The frame aust be able to adjust easily to different 
sises and shapes of sodels. 

8. Hemote loading from the viewlng powition of the polari- 
seope is highly dedireble. 

9. Horisontal and verticsl movement of the freme is necessary 
to securately position the model. 
Pigure I is the original plen of the louding rene, deaigned to 
produce ¢ concentrated load of 1500 pounds at tue losd pointer. The 
existing design differs in emsll details from the drawing; the nost pro- 
sinent of these is the increased height of the vertical posts, These hews 
been increased in Length to © inches. Taere iv tadicated on the glen a 
eysten for mainteining tie upper ami lower edgea of the zodels in « plane, 
This schesie tus ebendoned from economic conuiderstions sine 1t wee not 
entirely certain that it would be required, 

The vertical posts of the loed frome are 3* «x 0.256" structural 
Aluminun chennels. Calouletions indiceted that the pivot pin reaction would 
not exceed 1000 pounds and that the deflection of the outer poste would 
therefore not exceed 0.0053 inches, It was felt that it was necessary 
to renove the effect of this deflection frou ths sodal supports, especially 
since the deflection ie not syesetriosl. For thia reason, the inner poste 
were added for the purpose of retaining and supporting the model. The 
3/4" holes in the outer posts are syeced 2 inches apart, the holes in one 
peir being 1 inch lower than the other pair. Thiu pernite adjustment of 
the height of the iesding beam in l-inch increnents. 

The steel pivot pin, about which the Loeding bean pivots, ie 
supported by two brass bushings in the 3/4" holes mentioned above. The 
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bushings are a light prese fit in the holes and were felt to be necessary 
to prevent elongation of the holes in the sluginuz channels with resulting 
loss of acouracy. Deflection of tiie steel shaft in caleulated at 0.002 
inches, taking aecount of shear deflection end aexwaing simple support in 
| the bushings. t 


The load beam is fitted with « Norga-lioffaen NILZ-LL roller bearing 


rated at 2910 pounds loed at 25 revolutions per minate. ‘his is obviously 
better performance then iz required, but several considerations Gictated, 
ite btaahinn. It was desired to keep the specing of the vertical posts 
&t ebout 1/2 inch in order te reduce the shimw required to cismp a 1/4- 
inch medal. The Load pointer would be centered in the powt sprcing sad 
therefore the bearing should not exceed the thickness of the beam, which 
was liuited by the post spacing. In sddition, 1% way recognised that the 
loading beas would be the critics! part of the losd frame, due te this 
limitation on ita thickness, und therefore the diameter of tne bearing 
should be as small as poesidle, Ball bearings, which wouid be preferable 
from the low-friction consideration, are not available under theese Lini- 
tations. | 

The weximum moment anticipated in the loadi.g beaw is 16,100 
pound-inches end the sexitmua flexure etrese is 31,000 pownci per square 
inch. The beam ie 245-34 slloy and the yield strength of this meterlal 
is 48,000 pounds per square inch. Ultiwate strength is 68,000 pounds per 
equare inch. These figurer indicate « rather high stress level and 
investigation of the deflection to be expected shows that it will be 
& bout 1.00 inches et the free end. Horever, investigation ond experi- 
enee hes shown thet losds of over 1000 pounds ere seldom required end thet 


essauoon od ot tio oes baw aofed wat a P29 lid $e oem apehdt 
yatdleraws tte efonsade winimule edt ak aeled ot To nonaaymade biti Ob 

S00. ¢a betaiuoiao ei Pade loode od} We nedeoetied™ LYoomrsoe te 
a bib ge nny pone bate waltootteb aed hy egg 


ae Es ee Mere hs | ae uke 
\ 


weard elon SS euearl + te bbs aad un a 
Yluwoivde af atut -odunte teq egottuloven @& fe beet adaneq GU ¢ 
bodedel inoisneetcadon ioieves gud i ei 
escoy Liskevov at ie grins ii ques oF BetBLon Yaw #1 “ine | 
an iy enlaghoercuplnnalontic rnbedatnbebeanxiy 


ta wane ee ke 


“ei Sa one, t mobi 

"aD ie cot an areca vias 
“putea tr x0 votunns oll Sidibintt is obi ink as 

taint ot ion ser fev, saan gel tne oT 


arpa Yq nt aon 500,28 af edhe dishes cot] atk ai 
. a 8 : ale ‘40 aegiotas eee a ole saat ae 
ss i ti i mene ~ 


Seige Bu 7 


a ‘ ; 


ree 
im general, an upper lisit of 50G pounds might be eceepted. In services, 
therefore, the probable deflection will be sbout 30 inches. 

The cross feed uechanisw sus made up by the Ace Kechine and Zool 
Company of Cambridge, Massaciusetie from sketches furnished by ths eriter 
and no forasl drawings are avelichle fer presentation. Figure V, 
however, shows the roller bearings end hold-dewn mechenioa os well as the 
lathe zorew uged to move the bed plate and loading frame acroas the field 
of the poleriscopse. Steel bearing stripe are atteched on the under side 
of the bed and the sutiews bear direstiy um these. They were feli to be 
necessary since the bed plate ia of "0" temper aluminas, tae hardness 
of which is only about 28 Brinneil. 

The requirement for amvoth loading was met by adoption of a hydranlic 
lexding vysten. This consisted of a 5é-gellon tank which was suspended 
from the losding bean b, a elider identivoai in form to the one ueed to 
ond the wodel. The tank is open et tie top end is fitted with two sill 
cooks at the dotton. Rater is added or removed from the tank by 6 three- 
way valve and systen of boses sonnecting sith the cliy water seins, The 
three-way valve is located si the viewing sereen and may be seen in 
Pigure IT. In the "Loud" position, wmter is edwitied te the tank directly 
through the valve. In the "Ugloed® ,owition, water le directed to an 
ejector, which in turn resoves water from the tenk at about 2.5 gallons 
por minute. The ejector is ¢ commercial device used to drain home 
washing machines, It oparetes by a reduction in pressure resuiting from 
flow through en orifice, end represents the least expensive and most 
trouble-free type of pump available. 

Direct measurement of the load ie achieved by use of the GR~4 Type 
A~-7 electric strain guge. The load pointer iz cylindrical except fer tee 
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email axial flate machined pereliel to the keoper greove which bolde the 
3/ié~inch load pin in place. One virsin gage ia mounted on each of these 
and placed in opposite urme on an externa. bridge sireait. Teo more gages 
of the A-7 type are loceted in the other arms of the bridge end are ueed 
for temperature compensation. Figure IV shows the slicer, lead pointer 
| and load pin in position. The compensating gages are mounted on tae flat 
ber attached at the upper corner of the siider, 

The meximun strain in the pointer is 745 micro~inches per ineh, under 
1500 pounds load. Calibration of the axial gages at their rated gage 
factor of 1.95 led to constants of 0.49 micro-inches per inch per pound 
and 0.496 wioro-inches per inen per pound respectively for the two gages 
seperately. By opersting at a gege factor of 1.92, with the axiel gages 
in opposite earns of the bridge, a calibration of 1.0 miero-inohes per inch 
per pound was atteined, leading to extrezely simple deterwinstion ef load 
wegnitude. The external bridge sac connudted to 2 Beldwin Type L Strain 
Indicetor and it ie estimated that tie lowed is known to within 2.5 pounds 
over the range, baved on the resolution of the etrain indisater. 
Results 

The loading freme hae boon uzed only for compressive loads and in 
this reepect it has perforued a» expected. The method of clamping the 
model appears to be satisfactcry and it ie not saticlpated that any diffi- 
oulty will be mot in adapting the frame for tensile loads, pure bending 
or any other type of loading which may, in future werk, be recuired. 

The loading bexn ond water tank nave proved to be a satiafsetery 
arrengenent. Smooth variation of the losd as well as reproducibility 
have been dexonstrated. Deflection of the beam is felt to be execeusive 
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and it is diffieult to achieve sero load, due to the weight of the tank 
ané beam. The load pointer has been very asuiiefactory and represents 
an improvement over several loading frases described in the literature 
in thet calibration of tie tank is not nevessary. In additdon, it ia 
not necessary to determine to load as a function of the Lever arm of the 
tank. 

Probably the wost significant change which might be nede in the 
load frene is in the load beem and water tank, in order te facilitete 
echieving sere loud and redues the deflection of the beam, 4he cize of 
the tank could be reduced to thirty gallons or lesz end thus cut ite weight 
nearly in half. The use of stool for the beam would reduce the deflection 
by about one third, but et the cost of some of the weight gained by 
reduction of the size of the tank. Counter balancing of the tank would 
then be practicsi «end sero losd sould be achieved. 
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Exrevarion View oF Loaning Jie 
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FIGURE IT 


Generel View of the Polarizcoepe and Load Fraene 


Hote the three-way valve in the foreground, clese te 
the viewing screen end the strain indicater, 
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FIGURE IIT 


Lead Frame snd Weighing Tank 
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FIGURE IV 


end Pin 
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Note the dummy compensating sireainm ga 
etrip and the method of clauping the seodel. 


FIGURE V 


View of “ressfeed Mechanism 

Hote the rollers end the held-~down ¢lips 

keep the bed plote aguinst the reilers u 
eosent of the applied load, 
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Figure VI (a) 
ISOCLINIC FATTERN 
Aspect Natio 2:1 
Unstiffened Plate 
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Figure X 
DISTORTION PATTERN 
of 
Onewinch Square Grid 
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P (tensile) stress 


i. ae Q (compressive) stress 
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Figure X 


STRESS TRAJECTORIES 
aspect Ratio 3:1 
Unstiffened Plate 
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Guge: A~2; axial gage; Tyne A~7; GF, 1.95 
Load Reading piftf, Reading barf. 
- 9 5 9 69085 a) 
100 e040 55 38 Al 
206 &~L GBS © B12 An. 930 — 105 
300 4-1935 166 4-1930 155 
400 4~1,890 205 An L886 205 
$00 41835 260. 41840 245 
600 41783 31z 41790 275 
Fae bee 735 360 be D 74S 340 
200 4-169 aed An L395 390 
900° 43640 455 bb O50 435 
1000 41.598 | §O5 401.600 £85 
1100 41540 555 41590 538 
1200 ALA9S 600 bn L500 585 
1300 lend his 650 dnb 52 632 
1406 hh 395 706 dm L4hO 675 
1500 41350 745 4-1 36D 725 
Gages Aly axial gauge; type A~7; G.f. 2.95 
Load Reading Diff, Reading Birt. 
') 6-0310 6 2305 o 
100 6~0260 50 6-0250 55 
200 6-0220 GQ 6-200 405 
380 6-0176 Ae 6-91 50 155 
400 6-0125 185 60100 205 
500 G-0080 230 60040 265 
600 6-0030 280 hh. 990 315 
‘700 4-1930 330 4A GO 365 
$00 41949 379 415 
900 4n1390 420 41835 475 
1.000 An L850 400 4h 780 525 
1106 4 L805 505 4-L730 575 
1200 4 L766 550 41630 625 
1300 den Th§ 605 4-1630 675 
1400 bn L665 645 4-1. 580 725 
1500 dm Lb22 648 41539 775 


TABLE 2 


Calibration of Losd Pointer 


44 


twosaies beal Io sedtandtiad 


RE. oF.0 BVA eget pagay Lotus ¢S-A sega 


Sa es ~ 


; avast ——— 
Laaunnase mE 


| i owsdeeeueagevesg 


Cell Ca 


2 238 ssesveausaes gf omSeSeszse SEES 


‘A ou ldssuasaeseays 


20.4 oh.8 iYoa ogy? jeges datee vhs anwval 


Gagei 


dm] & A=-2Z in opposite arua of bridge; 2 dummy geges 


Gage Factor set at 1.92 


Reading 


L2-L138 
12-0132 


Lew O7S 
12-0008 


40-1960 
10~1910 
10-18 


4S 


a 


2 


; = he > +. = 


au A 


a4 


‘3 


Ae 


2k n 


 Saretes wht te wabbenthisd 


$ .sSSusegyseureee 


= - : p : e : ee a 
ae ae 2 ee er a — a P =~ . i 
no a ee ema < 


——— = a relies eee ——— —_ “ — 


ea a 
LON Ht 
i i gees 


Paar se: 
Boe ae i GAR 


a SHEE HEE eet 


HEE 
a as ine 
fait 


EE (EAE eae ae neat Ee EEE eau ae oa 
je Hae tet tn BE as 
a 


eh ame 


Ny 


Be EE SEE TE PE LEE ee 
TN Se EL 
: bebe GEE aa au ae aaa 
Ea cee Bes EHR oe Hi YA 
an ci 


ae 
: ee : 
See 


EH 
i Ee. Seto iy 


Y EEee aeeaee teeta Po 


EE ERR Ee en 
oo oe ae | 


ret rt 
| 
Ee a oe 
| 
HEH 


. 
_ te HL or 
Ae Pere Tee 

aa ee coe ae 
Se ie sis se at ir BU eM IU Re aE LE, aN Hy 
Se EEE Leeder eet taee ee cat suerte Sts SHE Hal 
ane i Bsr let ed : ER np 

fe nan Be sc ht Ea ee He 

HEE on EE aia “Hd HS aE Su 

a ae Te Ae 

EES Bes a EEN fc 


PE its Te 
% ie 


i 
nal 


ao au mR 
pe ELLE PEEP AAAL ca ae HER 
ae see He ae HH 
oo HTT =H EE 1 to 
tH EEEE ATER ESHER ESEa ES aad EE AAA ec Hala Edn aad Foeea Sg ceead OE RE 


(1) 
(2) 
(3) 


(4) 
(5) 


6) 


(7) 
(a) 
(9) 


(10) 
(1) 
(12) 


Texte 


Coker, *, G, and Filion, i. ¥.G. 


Frocht, Hi. ¥ 


Freehkt, Hh, . 


Procht, is He 


Hetenyi, Me 


Kaywood, Kh, &, 


Jeasop, He =, and Harris, F, c, 


Langhsar, BK. Lo 


Beara, ¥, W. 


Timoshenko, ©, 
Tinoehenks » &, andi Goodier, J. B. 


qn 


Cambridge: Cambridge . "Unive 
ereity Presse, 1931. 


FOG bent 48 : Mes tad site ‘ ae 
Hew York: John #iley and 
Sena, L941. 


Mew Yorks John Wiley and. 
Bone, 1948. 


Stroamth of Beterisigz, Hew York: 
Ronald Frees, 1951. 


a wa uss | ig > Bow York: Jona Wiley 
and RS» 1950, 


Lendeu: Shepaan and Hell, 1992, 


Bee York: Dover 
Publications, 1950. 


# , ae te | ca es OF ak 
Hew York: John Biley 
mre Seve, L951. 


Opties, Cambridge, Neos.: 
Ad@ison and Weasley, 1948. 


reoets of Materials, Bew Tork: 
‘aa Hostrand So,, 1940. 


acy, Bew. Yorks 


& Leek few Yorks 


dclraw Hill, 1953. 


oe dK RE waters mee 


‘bas eile adol sare woll 


ol b@S aod 


Ute _.tintiesleomtass 
baa — adol. mtzek well 
BAP eae 


Heol soll alasiatal te asaoeit 
i eARCL yaaert bland 


tue? 


eG Mend ol h’t beta a o% 414 MOO 
o¥ olf ,tdoort 
2% 8 ytdoort (et) 


o% . .ddoes’ 


off yhyratok 


of oft rboor yell 


a4 tlvreh baa -? 8 ,joaael 
ot oH ytandgeed 
of .% ,oxed 


of .enedaomtt % 


Technice. Papers 


(13) Ghow, Li, Coney, BH. %, “Stresses in Deop Beams,” in 
and Winter, George frengectiogs of the “serious 


(24) Coxer, E, G, "Tho Determination by Phote~ 
Blestic Methods, of the “istri- 
butdon of Ztreas in Plstes of 
Variable Section with seas 
reagent ba + ae nce 


(15) Gomred, &. ¥, "Structaral Hodele, Part I, Theory*, 
an U. ". Bavy Buresu of Construa~ 
thon end Sepzir Sulietin, fo. 13, 
A733. 
(16) Filion, L. &. &, "The investigation of btrews in « 


Reotonguler Bar by Reans =, 
Polarised ——— bes Pijiosepuicul 


amd ¢ 
Watt 1912), 1-25. 


(17) Hendry, A. *, "The Stress Vistribution in « 
Simply Supported Seam of I- 
Section Carrying a a Sen- 
aaa pre 2 I 


(18) Paffett, J, a. H, *The dipplicetion of Photo 
elastic ethodes of) Satp Yesign 


orth Hast _ a. 1 
LXVI (950), mn. | 


{19) Sadowsky, H. 4, "Classification of Isotropic 
Pointe as Defined by (- ~Fe} 
Within « Begular Sagien”, in 
Journal of *pplied Physics, 
XiIL, 3, (1941) 605-608. 


| 
W 
Ve ARB 
ie me 
| wf Diath hi eh hu. Wee ie alv de 
; 
f | atequs lesiadne? i 


# 


qeeé af soeseud 3" 


* wh » di 4 "Sh ee oN | wi 
ol +A oh dPOety 


| ulate 


a it elma (ORD: 
bi) 


& vl My v 
PGA RRP». ayn uf 


Shenien through Testing g 
tai. Nei'ay Cinseh Tha. 


Pg ee eee 


” 


a 


_ ——" _" 
Se 
Pod 


i 


ie 
/ i it 
cu, pine? ert Pup per ienc,| { 


‘ 


(.009) @usqe? Jantacdoo? A 


Re Pier ee fe aed Bid 
 gigaatalt lege? a¢ aatPaet 

if ri ia lid abe Sati 2. aug’ 3 hits 
as saat wk Ot ae ea 


seat re Pat Oi abect ister ame ya 

“apts * Seexnt wall 4 we 
gf Dae P q 

ef) oe poh: Sa Ey y fhs ss . 


i + a0 ied er anpuld aes ete lel 
. 3 tit wa ve % tot « Lot 2 yp i ge ys; 
A ei der dol ba. a hearee 2 


LAs hamannl 253 18 
! Rs Saati a 


i 14 


* oA tear oat Le 


8 aileecn peat rn aw 
ciel r eatabe 


Laas 
sa: Anis, 


4 


’ 


| il ii 


i 


